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A B S T R A C T   
New or used barrels can be applied in ageing of alcoholic beverages. Compounds adsorbed in wood migrate 
between beverages along with wood extractives. As barrel ageing is costly and time-consuming, processes using 
wood fragments have been gaining interest. These generate wood residues for which the reuse is still not well 
established. This work aims at the reuse of oak fragments for the additive ageing of alcoholic beverages. Oak 
chips, previously immersed in fortified wine, were applied to beer, wine and grape marc spirit. Wood compounds 
and adsorbed wine volatiles were extracted, with more impact and satisfactory yields on beer composition. Also, 
wood adsorbed beverages compounds in a subtractive ageing phenomena. Beer formulations using different 
binomial wood concentration/temperature combinations were generated and presented to trained tasters. Higher 
temperatures and wood concentrations led to prominence of wood descriptors and lower perception of fruity and 
floral aromas, reflecting the changes in chemical composition.   
1. Introduction 
Wood ageing is commonly used as a strategy to modify and enhance 
the composition of alcoholic beverages. Quite a few alcoholic beverages 
traditionally resort to ageing in contact with wood, either beer, wine or 
spirits. During contact with wood, several ageing phenomena can occur 
namely additive ageing – the extraction of wood constituents to the 
beverage – (Canas, Caldeira, & Belchior, 2013; García-Estévez, 
Alcalde-Eon, Le Grottaglie, Rivas-Gonzalo, & Escribano-Bailón, 2015), 
subtractive ageing – the loss of compounds due to evaporation or wood 
sorption – (Barrera-García et al., 2007; Coelho, Domingues, Teixeira, 
Oliveira, & Tavares, 2019), chemical ageing – reaction between 
beverage and wood components – (Coetzee & Du Toit, 2015) and bio-
logical ageing – conversion of constituents in the matrix due to the ac-
tion of microbes – (Coelho et al., 2020; Snauwaert et al., 2016). 
Traditionally, ageing is performed by storing the beverage in wood casks 
or barrels during periods of time dependent on the beverage to be aged 
and the intended product. Oak is the most preferred wood for barrel 
production and beverage ageing due to its mechanical properties and its 
capacity to act as a dynamic container (Álamo-Sanza & Nevares, 2018). 
Also it imparts beverage composition with several compounds that 
positively contribute to the sensory characteristics of aged beverages 
such as furan compounds, volatile phenols, tannins, lactones among 
several other (Mosedale & Puech, 2003). During its lifecycle, cooperage 
wood can be used, reused, regenerated and eventually discarded. For 
barrels, there is a well-established reuse flow depending on the aged 
beverages. Wine production usually resorts to new barrels, which may 
be reused depending on their extractive content (Zamora, 2019). 
Bourbon production also resorts to new barrels, whereas Scotch and 
Irish Whiskey production usually resort to previously used ones, either 
from Bourbon and Brandy production, or from fortified wine produc-
tion, mainly Sherry but also Port and Madeira wines (Quinn, 2014). Beer 
ageing also resorts to reused casks, either from Bourbon or Sherry wine 
production (Spitaels et al., 2014). Previous works have demonstrated 
that oak wood adsorbs compounds from the beverages during ageing 
(Coelho, Teixeira, Domingues, Tavares, & Oliveira, 2019), which are 
transported to other matrices in subsequent contacts (Coelho, Teixeira, 
et al., 2019). Transference of characteristic wine compounds such as 
quercetin-glucuronide and myricetin-glucoside, has also been identified 
in whiskies aged in Sherry casks, which were differentiated in their 
chemical composition from whiskies aged in Bourbon casks (Roullier--
Gall et al., 2018). 
As an alternative to barrel ageing, several processes have been 
developed envisaging intensification of ageing phenomena, by 
immersing oak fragments in the beverage in combination with other 
physical-chemical treatments. Several efforts have been made for 
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acceleration of wine ageing (Tao, García, & Sun, 2014), as well as ageing 
of several spirits, namely grape marc distillate (Rodriguez-Solana, 
Rodriguez-Freigedo, Salgado, Domínguez, & Cortés-Diéguez, 2017), 
brandy (Canas, Caldeira, Anjos, & Belchior, 2019; Schwarz, Rodríguez, 
Sánchez, Guillén, & Barroso, 2014) and whisky (Pielech-Przybylska & 
Balcerek, 2019). A few works have also envisaged extraction of oak 
compounds to beer, by applying oak chips (Sterckx, Saison, & Delvaux, 
2012a; 2012b; Wyler, Angeloni, Alcarde, & da Cruz, 2015) and further 
on combining wood with microorganisms for biological ageing (Coelho 
et al., 2020). Accelerated ageing technologies often make use of oak 
alternatives such as chips, staves, cubes or sticks (Chatonnet, 2007), 
which are a cheaper, eco-friendlier and a more sustainable alternative 
for ageing (García-Alcaraz et al., 2020). With the dissemination of these 
technologies, the use and demand of barrel alternative cooperage 
products is expected to increase, as well as the generation of their used 
residues, for which a reuse circuit is still not well established. 
Moreover, research on beverage ageing mainly focuses the trans-
ference of oak compounds to the beverage along with the occurring 
chemical and biological transformations, whereas the contribution of 
wood reuse is often overlooked. This work aims to investigate the 
contribution of used wood to the volatile fraction of beverages, when 
reused for induction of aroma compounds in accelerated ageing pro-
cesses. The main issue under study is the transference of compounds 
from one beverage to another through wood reutilization, which mod-
ifies not only the chemical composition but also the sensory properties of 
the beverage. Thus, revalorization of used wood fragments is proposed 
and demonstrated in order to promote their reuse in accelerated ageing 
processes. 
2. Materials and methods 
2.1. Materials and chemicals 
The following compounds with the corresponding purities were used 
as standards for the GC-MS analyses. From Fluka: isobutyl acetate 
(99%), ethyl pentanoate (≥99.7%), ethyl phenylacetate (≥99%), 2-phe-
nylethyl acetate (≥99%), ethyl dodecanoate (≥98%), 2-methyl-1-prop-
anol (≥99.9%), 2-methyl-1-butanol (≥98%), 3-methyl-1-butanol 
(≥99.8%), 1-hexanol (≥99.9%), Z-3-hexenol (≥98%), 1-octanol 
(≥99.5%), 2-phenylethanol (≥99%), propanoic acid (≥99.5%), buta-
noic acid (≥99.5%), hexanoic acid (≥98%), decanoic acid (≥98%), 
dodecanoic acid (≥99%), furfural (99%), linalool furanic oxide (≥97%), 
benzaldehyde (≥99%), vanillin (≥98%) and acetoin (97%); from 
Aldrich: ethyl butyrate (99%), ethyl-2-methylbutyrate (99%), ethyl-3- 
methylbutyrate (98%), isoamyl acetate (≥99%), ethyl hexanoate 
(≥99%), hexyl acetate (99%), ethyl heptanoate (99%), ethyl lactate 
(99%), ethyl octanoate (≥99%), ethyl-3-hydroxybutyrate (99%), ethyl 
decanoate (≥99%), diethyl succinate (99%), methyl salycilate (≥99%), 
diethyl malate (≥97%), ethyl cinnamate (99%), E-3-hexenol (96%), 
benzyl alcohol (≥99.9%), linalool (97%), β-citronellol (95%), isovaleric 
acid (99%), octanoic acid (≥99.5%), 5-methylfurfural (99%), cis/trans- 
oak lactone (≥98%), γ-nonalactone (≥98%), γ-ethoxycarbonyl- 
γ-butyrolactone (95%), syringaldehyde (98%), octanal (99%), nonanal 
(95%), 4-methylguaiacol (≥98%), eugenol (99%), 4-ethylphenol (99%), 
4-vinylguaiacol (98%), 2,6-dimethoxyphenol (99%), 4-vinylphenol 
(10%), acetovanillone (98%), tyrosol (98%), methionol (98%) and 
β-damascenone (1.3%); α-terpineol and acetic acid (≥99.8%) from 
Merck, cis-nerolidol (98%) and 4-ethylguaiacol (98%) from Alfa Aesar 
and 5-hydroxymethylfurfural from Acros Organics. 
For generating the used oak wood, American oak was used (M+
toast) (kindly provided by Seguin Moreau), which was submerged in 
fortified wine used in Port wine production (kindly provided by Quinta 
do Portal S.A.) with contact conditions and wood and wine composition 
as described in Coelho, Teixeira, Domingues, Tavares, and Oliveira 
(2019). Prior to its application, wood was separated from the fortified 
wine and excess liquid was removed with sorbent paper. 
For the extraction assay with different beverages a commercial red 
wine (12.5% ethanol), a commercial lager beer (4.7% ethanol) and a 
craft grape marc spirit (41% ethanol) were used. For the formulation and 
sensory evaluation assays a pilsner craft beer (5% ethanol) was used 
(kindly provided by Cerveja Letra). 
2.2. Wood contact with beverages 
Extractions were performed to assess impact of reused wood on the 
volatile fraction of different beverages. Used wood chips (cubes with 3 
mm sides) were immersed in beer, wine and grape marc spirit at a 
proportion of 20 g/L. Contacts were conducted in Pyrex tubes (16 mm ×
100 mm, wall thickness 1.8 mm) fitted with caps with Teflon mem-
branes to prevent losses by evaporation. Tubes were placed horizontally 
in an incubator at 40 ◦C, with orbital agitation (150 min− 1) during 48 h. 
Also, for control purposes, beverages were placed in the same conditions 
without application of wood, in order to discriminate transformations 
caused only by temperature. After contact, beverages were separated 
from wood by decantation and further filtered with a 0.22 μm cellulose 
acetate filter for analysis of volatile compounds. Beer (B), wine (W) and 
grape marc spirit (S) were characterized in their initial state, after 
residence at 40 ◦C without wood (B40, W40, S40) and with wood 
(BW40, WW40, SW40). 
2.3. Beer formulations 
For sensory evaluation, various formulations were prepared by 
combining different wood concentrations and contact temperatures. 
Three different wood concentrations were used, 10 g/L, 20 g/L and 30 
g/L as well as three different contact temperatures, 30 ◦C, 40 ◦C and 50 
◦C. Extractions were conducted in 100 mL airtight flasks fitted with 
rubber stoppers and aluminum seals, placed during 48 h in an incubator 
with orbital agitation (150 min− 1). Beers were separated from wood by 
decantation followed by centrifugation at 2700g during 15 min for 
removal of suspended particles. Samples were identified by a CxTy key, 
where Cx refers to wood concentration at x g/L and Ty refers to contact 
temperature performed at y ◦C. Controls of beer incubated at the same 
temperatures without addition of wood were also performed, identified 
as BTy, where y refers to contact temperature in ◦C. 
2.4. Sensory evaluation of beer 
Sensory evaluation of the different beer formulations was performed 
by five trained panelists. The panel was constituted by one certified Beer 
Judge Certification Program (BJCP) judge, one certified beer Sommelier 
and 3 experienced wine and beer tasters. Blinded samples were pre-
sented in tasting glasses simultaneously, to allow comparison between 
the different samples. Scoring was performed using a tasting sheet with 
identification of visual, aroma and taste descriptors, using a quantitative 
scale from 1 to 10, where 1 corresponds to very low and 10 to very high 
intensity. Results were processed in agreement with the standard ISO 
11035 (International Organization for Standardization, 1994). Outliers 
were removed and geometric mean (GM) was calculated for each 







× 100. 1  
Where I refers to relative intensity, which is the sum of the intensities 
given by the panelists for a given descriptor, divided by the maximum 
possible intensity, and F refers to the relative frequency, which is the 
number of times that the descriptor was mentioned divided by the 
maximum number of times that it could be mentioned. 
2.5. Analysis of volatile compounds 
Volatile compounds were analyzed by gas chromatography coupled 
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with mass spectrometry (GC–MS), following the previously reported 
procedure (Coelho et al., 2020). Each 8 mL sample was extracted with 
400 μL of dichloromethane (SupraSolv for gas chromatography, Merck), 
after adding 4-nonanol as internal standard (3.2 μg). Extractions were 
performed in Pyrex tubes fitted with Teflon caps, with stir bar agitation 
during 15 min. Extracts were then recovered with a glass Pasteur 
pipette, dehydrated with anhydrous sodium sulfate and analyzed in a 
Varian 3800 gas chromatograph equipped with a 1079 injector and an 
ion-trap mass spectrometer Varian Saturn 2000. Each 1 μL injection was 
made in splitless mode (30 s) in a Sapiens-Wax MS column (30 m × 0.15 
mm; 0.15 μm film thickness, Teknokroma). Helium 49 (Praxair) at a 
constant flow of 1.3 mL/min was used as a carrier gas. The detector was 
set to electronic impact mode with an ionization energy of 70 eV, a mass 
acquisition range (m/z) from 35 to 260 and a 610 ms acquisition in-
terval. The oven temperature was initially set to 60 ◦C for 2 min and then 
raised to 234 ◦C at a rate of 3 K/min, raised again to 260 ◦C at 5 K/min 
and finally maintained at 260 ◦C for 10 min. Injector temperature was 
set to 250 ◦C with a 30 mL/min split flow and transfer line was main-
tained at 250 ◦C. Compounds were identified using MS Workstation 
version 6.9 (Varian) software, by comparing mass spectra and retention 
indices with those of pure standards and quantified as 4-nonanol 
equivalents. 
2.6. Statistical analysis 
Statistically significant differences in concentrations of volatile 
compounds in the assay with different beverages were evaluated by a 
pairwise multiple t-test using the Prism 6 software (GraphPad software 
Inc.). For the assay with different beer formulations, statistically sig-
nificant differences were determined by a non-parametric Kruskall- 
Wallis analysis, with Conover-Iman multiple pairwise comparisons, 
using the XLStat software (Addinsoft). For assessment of correlations 
between sensory and chemical characterization a multivariate Principal 
Component Analysis (PCA) was performed using Statistica software 
(version 7, StatSoft Inc.) 
3. Results and discussion 
3.1. Impact of used oak chips in the aromatic fraction of different 
beverages 
With the aim of determining their contribution in additive ageing, a 
preliminary assay was performed promoting contact of used oak chips 
with different alcoholic beverages, namely beer, red wine and grape 
marc spirit. Changes in the volatile composition of beverages was 
monitored by GC-MS with the results presented in Table 1. 
Statistically significant differences were evaluated by pairwise mul-
tiple t-test, without correction for multiple comparisons. An important 
initial observation is that low impact was observed for the residence of 
the studied beverages at 40 ◦C without wood, regarding their volatile 
composition. Statistically significant differences when comparing initial 
composition with composition after residence at 40 ◦C without wood 
were only found for 5-methylfurfural and benzaldehyde in beer, which 
were found in concentrations near the limit of detection and quantifi-
cation; ethyl octanoate and ethyl decanoate in wine, which could arise 
from residual esterification of the corresponding acids with ethanol; and 
hexyl acetate, 2-phenylethanol, 4-ethylguaiacol and 4-ethylphenol in 
grape marc spirit, for which no significant trends or mechanisms could 
be identified. When applying used wood to beverages, several changes 
were observed. Despite having been previously in contact with fortified 
wine, used woods still had significant amount of wood compounds to be 
extracted, coherent with the previously reported (Coelho, Teixeira, 
et al., 2019). Characteristic wood extractives, namely volatile phenols 
and aldehydes, were transferred to the beverages by contact with wood, 
with statistically significant increases observed either in beer, wine and 
grape marc spirit. Increase in concentrations of furan compounds was 
only statistically significant for beer and wine, with variations in grape 
marc distillate masked by the initial high furan compounds 
concentrations. 
Along with characteristic wood extractives, fortified wine com-
pounds were also transferred to the beverages with the reuse of wood. As 
reported previously, characteristic wine esters (ethyl lactate, diethyl 
succinate and diethyl malate) were adsorbed by wood during the pre-
vious contact with fortified wine (Coelho, Teixeira, et al., 2019) and the 
reuse of wood in a subsequent ageing step led to their transference to the 
studied matrices. However, transference of these aroma compounds was 
more significant in the application of used wood to beer, where ethyl 
lactate, diethyl succinate and diethyl malate were absent. Also, for the 
specific case of diethyl malate, statistically significant increases were 
observed for application of wood to all the studied beverages. Extraction 
of additional wine volatiles adsorbed in wood, namely alcohols 3-meth-
yl-1-butanol and 2-phenylethanol, monoethyl succinate and octanoic 
acid was not evident, probably hindered by the deviations in GC-MS 
analysis and the already high content of these compounds in the bev-
erages. Apart from extraction of volatile compounds, compound losses 
inherent to subtractive ageing were also observed, as a direct result of 
application of wood. 
Concentrations of ethyl octanoate and ethyl decanoate decreased 
significantly in all beverages put in contact with wood. Moreover, in 
grape marc spirit several esters were adsorbed, with decrease in con-
centrations of hexyl acetate, 2-phenylethyl acetate and ethyl dodeca-
noate. As stated previously, wood adsorbs several compounds from 
wine, mainly due to hydrophobic interactions (Coelho, Teixeira, et al., 
2019) and these observations are corroborated by the results obtained in 
this work. Esters whose concentrations decreased due to wood contact, 
have high xlogP3 values, as presented in Table 2, again reinforcing that 
their hydrophobic nature is the main driver of wood sorption. Signifi-
cant decreases were also observed for decanoic acid concentration in 
beer and wine and nonanal in grape marc spirit, which have comparable 
XLogP3 values. 
In a similar process, Sterckx and collaborators applied American oak 
wood chips for beer ageing, leaving wood in contact with beer during 60 
d at 20 ◦C, following variation in concentration of volatile monophenols 
(Sterckx et al., 2012a; 2012b). These authors reported syringaldehyde 
concentrations of about 600 μg/L, reached after 30 d of contact with 
medium toast unused American oak chips (Sterckx et al., 2012a), which 
corresponds roughly to an extraction of syringaldehyde, per mass of dry 
wood, of 120 (μg/L)/g. Results presented in this work show a final 
syringaldehyde concentration of about 2500 μg/L, attained after appli-
cation of 20 g/L of hydrated used oak wood, which accounts for an 
extraction of syringaldehyde, per mass of dry wood, of about 210 
(μg/L)/g. Sterckx also reported concentrations of vanillin of about 90 
μg/L (Sterckx, Saison, & Delvaux, 2012b) accounting roughly for the 
extraction, per mass of dry wood, of 15 (μg/L)/g, whereas in the pre-
sented work, the attained value was 38 (μg/L)/g. These differences in 
extraction yields can derive from differences in oak wood composition, 
considering the reported variability within oak origin (Doussot, De Jéso, 
Quideau, & Pardon, 2002). On the other hand, higher syringaldehyde 
and vanillin extraction concentrations, even from a previously used 
wood, can be a result of the higher contact temperature used, which was 
previously shown to influence significantly extraction of several char-
acteristic wood compounds (Coelho, Teixeira, et al., 2019). Sterckx also 
reported an increase in 20 μg/L in eugenol concentration, accounting for 
about 4 (μg/L)/g, whereas in the presented results an extraction of about 
2 (μg/L)/g was obtained. As also demonstrated by Coelho, Domingues, 
Teixeira, Oliveira, and Tavares (2019), eugenol extraction is more 
influenced by ethanol concentration in the extractive matrix, which in 
our work was of 4.7%, by volume, and in Sterckx and collaborators’ 
work of 8.3%, by volume, which in combination with depletion of 
eugenol in the preceding contact with wine justifies the observed dif-
ferences. Lastly, Sterckx et al. (2012) also reported reduction in 4-vinyl-
guaiacol concentration, similarly to the observed in this work. 
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Table 1 
Concentration (C) of volatile compounds in beer (B), wine (W) and grape marc spirit (S) in their initial state, after 48 h at 40 ◦C without wood (B40, W40, S40), and 
after 48 h at 40 ◦C with reused wood (BW40, WW40, SW40). Errors represent standard deviation of independent duplicates.  
Compound B B40 BW40 W W40 WW40 S S40 SW 40  
C/(μg/L) C/(μg/L) C/(μg/L) C/(μg/L) C/(μg/L) C/(μg/L) C/(μg/L) C/(μg/L) C/(μg/L) 
Esters          
isobutyl acetate 18.7 ± 3.6 17.8 ± 2.5 19.0 ± 4.9 – – – 813.7 ±
102.6 
844.7 ± 4.7* 604.8 ± 71.8* 






ethyl 2-methylbutyrate – – – – – – 771.1 ± 87.5 823.0 ± 13.0 740.0 ± 91.3 






















ethyl pentanoate – – – – – – 167.3 ± 16.3 217.1 ± 5.5 173.5 ± 25.6 
ethyl 2-butenoate – – – – – – 570.8 ± 18.7 580.5 ± 21.8 550.9 ± 55.0 


















hexyl acetate – – – – – – 247.8 ± 6.8 268.7 ± 0.4* 208.8 ± 19.8* 
ethyl heptanoate – – – – – – 569.2 ± 20.2 550.8 ± 8.8 474.6 ± 36.5 










1411.6 ± 2.1 1660.5 ±
284.1 
ethyl 2-hexenoate – – – – – – 365.5 ± 10.6 358.3 ± 13.3 361.7 ± 41.1 


















ethyl-3-hydroxybutyrate – – – 74.2 ± 17.0 78.4 ± 4.6 93.1 ± 17.2 – – – 
























1058.7 ± 62.3 
ethyl phenylacetate – – – – – – 624.2 ± 27.4 601.0 ± 0.8 577.3 ± 29.2 










106.1 ± 7.7 904.2 ± 19.0 913.4 ± 15.5* 752.3 ± 34.3* 












– – 54.8 ± 11.4* 
ethyl cinnamate – – – – – – 282.8 ± 11.2 260.4 ± 5.3 238.7 ± 13.9 



















































Z-3-hexenol – – – 15.0 ± 2.4 14.5 ± 0.5 16.6 ± 2.7 330.9 ± 25.1 367.4 ± 11.3 384.7 ± 55.8 
E-3-hexenol – – – 39.0 ± 7.1 39.6 ± 0.2 45.1 ± 9.5 580.8 ± 49.0 620.6 ± 18.1 639.9 ± 80.8 




benzyl alcohol 11.1 ± 1.2 13.1 ± 4.5 17.8 ± 4.7 154.0 ±
91.1 
104.2 ± 4.8 124.5 ±
36.1 



















Monoterpenic alcohols          
Linalool 8.9 ± 0.3 9.9 ± 0.5 9.5 ± 1.8 11.7 ± 2.0 10.4 ± 0.4* 8.8 ± 0.5* 391.6 ± 10.0 391.3 ± 8.6 368.3 ± 28.5 
α-terpineol 5.6 ± 0.1 7.4 ± 1.0 7.6 ± 1.4 34.9 ± 5.6 33.1 ± 0.4 30.0 ± 1.9 861.6 ± 17.7 889.9 ± 13.3 864.0 ± 44.8 
β-citronellol 3.0 ± 0.1 3.4 ± 0.5 3.7 ± 0.8 – – – 558.7 ± 35.8 540.2 ± 16.8 503.0 ± 39.3 
cis-nerolidol – – – – – – 377.3 ± 7.8 355.9 ± 42.0 315.3 ± 1.4 
Acids          










– – – 
propanoic acid 12.0 ± 0.1 15.0 ± 3.7 7.6 ± 2.5 47.3 ± 33.6 46.3 ± 14.9 25.6 ± 10.6 – – – 
butanoic acid 3.3 ± 1.2 5.8 ± 2.4 4.0 ± 1.5 29.4 ± 14.1 23.6 ± 0.6 16.8 ± 5.5 – – – 











































(continued on next page) 
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In similar works focusing wine, Bautista-Ortín and collaborators 
have studied the application of oak alternatives for the ageing of wine, 
submerging American oak shavings in red wine in stainless steel tanks 
using a 2.6 g/L proportion (Bautista-Ortín et al., 2008). The authors 
reported maximum concentrations of furfural of 326 μg/L accounting for 
an extraction, per mass of wood, of 125 (μg/L)/g, and of 5-methylfurfu-
ral of 37 μg/L accounting for extraction of 14 (μg/L)/g (Bautista-Ortín 
et al., 2008). In the presented results similar concentrations of furfural 
(about 320 μg/L) and higher concentrations of 5-methylfurfural (133 
μg/L) were attained with previously used oak chips. Lower extraction 
Table 1 (continued ) 

























Furan compounds          














linalool furanic oxide – – – – – – 313.1 ± 3.9 316.9 ± 14.5 319.0 ± 35.1 
5-methylfurfural – 1.5 ± 0.5* 109.7 ±
21.9* 
– – 133.6 ±
17.5* 
678.8 ± 49.8 719.4 ± 16.5 783.5 ± 90.1 
5-hydroxymethylfurfural 13.1 ± 2.5 16.7 ± 8.6 24.6 ± 9.4 – – – – – – 
Lactones          
cis-oak lactone – – 364.2 ±
66.3* 
– – 359.4 ±
22.7* 
– – 548.6 ± 53.1* 
trans-oak lactone – – 138.2 ±
24.6* 
– – 144.1 ± 6.4* – – 163.3 ± 11.4* 
γ-nonalactone 38.3 ± 1.2 42.3 ± 4.0 39.2 ± 7.2 11.5 ± 2.8 10.6 ± 0.0 10.6 ± 0.3 233.8 ± 10.6 231.6 ± 8.8 210.3 ± 6.5 
γ-ethoxycarbonyl- 
γ-butyrolactone 






– – – 
Aldehydes          






vanillin 15.6 ± 0.1 14.7 ± 4.7* 459.0 ±
119.8* 
– – 480.8 ±
22.6* 
– – 542.1 ± 93.7* 








– – 2812.3 ±
92.0* 
sinapaldehyde – – 2377.4 ±
761.7* 
– – 2258.2 ±
636.4* 
– – 4012.7 ±
569.8* 
octanal – – – – – – 178.1 ± 4.5 188.4 ± 0.7* 155.7 ± 11.7* 
nonanal – – – – – – 1428.6 ± 2.0 1544.6 ±
40.0 
1425.1 ± 86.6 
Volatile phenols          
4-methylguaiacol – – 18.7 ± 3.4* – – – – – 68.6 ± 6.4* 
4-ethylguaiacol 0.8 ± 0.0 0.6 ± 0.9* 4.4 ± 0.9* – – – 229.2 ± 2.6 263.2 ± 10.0 263.4 ± 11.4 
eugenol – – 17.6 ± 3.3* 1.3 ± 0.5 5.6 ± 5.8 14.1 ± 1.2 456.2 ± 0.9 423.6 ± 11.5 422.1 ± 16.6 





38.2 ± 8.0* – – – – – – 
2,6-dimethoxyphenol – – 71.4 ±
16.8* 
31.5 ± 9.5 32.5 ± 3.3* 112.3 ± 1.2* – – – 
4-vinylphenol 11.2 ± 0.2 16.2 ± 4.1* 5.5 ± 1.7* – – – – – – 
acetovanillone 8.3 ± 0.0 11.3 ± 3.5* 90.9 ±
22.9* 
– – – – – – 




– – – – – – 
Sulphur compounds          




96.8 ± 20.6 – – – 
C13-norisoprenoids          
β-damascenone – 1.9 ± 1.3 4.0 ± 1.4 – – – – – – 
3-hydroxy-β-damascone 15.0 ± 1.2 18.9 ± 3.3 15.3 ± 4.6 – – – – – – 
3-hydroxy-β-ionone 5.6 ± 0.1 8.3 ± 1.5 13.0 ± 2.6 – – – – – – 
Other          
acetoin – – – 143.1 ±
48.0 
153.9 ± 5.3 141.2 ±
28.9 
– – – 
- not detected 
Table 2 
XLogP3-AA values reported for the volatile compounds adsorbed in wood (Na-
tional Center for Biotechnology Information, 2020).  
Compound XLogP3-AA Compound XLogP3-AA 
2-phenylethyl acetate 2.3 decanoic acid 4.1 
hexyl acetate 2.4 ethyl decanoate 4.6 
nonanal 3.3 ethyl dodecanoate 5.6  





Composition of beer formulations using different wood concentration and temperature combinations. Samples are identified by a CxTy key, where Cx refers to wood concentration at x g/L and Ty refers to contact 
temperature performed at y ◦C. Controls of beer incubated at the same temperatures without addition of wood were also performed, identified as BTy, where y refers to contact temperature in ◦C. Statistical significant 
similarities/differences are marked by a to h letters. Errors represent standard deviation of independent duplicates.   
Compound BT30 C10T30 C20T30 C30T30 BT40 C10T40 C20T40 C30T40 BT50 C10T50 C20T50 C30T50   
C/(μg/L) C/(μg/L) C/(μg/L) C/(μg/L) C/(μg/L) C/(μg/L) C/(μg/L) C/(μg/L) C/(μg/L) C/(μg/L) C/(μg/L) C/(μg/L)  
Esters             
























2 ethyl hexanoate 89.0 ± 3.2bc 77.2 ± 1.8ab 83.1 ± 4.2abc 74.4 ± 5.1a 105.3 ±
14.7c 




90.3 ± 6.4bc 75.1 ± 4.5ab 81.7 ± 3.1abc 74.9 ± 1.3a 
3 ethyl lactate – 160.1 ±
24.5ab 






























145.1 ± 4.2ab 122.2 ± 3.8a 




111.8 ± 6.5c 108.3 ± 31.1c 71.3 ± 0.0b 50.2 ± 3.5ab 44.4 ± 1.8a 32.5 ± 2.3a 
































245.7 ± 9.4a 
8 diethyl malate – 9.4 ± 0.4a 17.9 ± 1.7bc 24.5 ± 0.3cd – 9.2 ± 0.1a 15.4 ± 0.4b 33.4 ± 7.7d – 9.2 ± 1.6a 16.7 ± 2.0b 25.4 ± 2.5cd  
Alcohols             






















































45.4 ± 0.5bcd 37.4 ±
2.6abc 




32.9 ± 1.5ab 39.0 ± 3.0abc 97.0 ± 7.6d 
























Monoterpenic alcohols             




86.7 ± 3.7c 71.4 ± 0.2abc 69.8 ± 3.5abc 63.2 ± 3.8ab  
Acids             












85.7 ± 0.1a 189.5 ± 7.1d 99.2 ±
17.6ab 








93.2 ± 3.4ab 72.5 ± 2.4a 123.2 ±
11.7b 




75.9 ± 1.3a 100.0 ± 5.2ab 97.0 ± 7.6ab 














365.2 ± 0.0ab 336.3 ±
61.2ab 
























18 decanoic acid 328.8 ± 8.6fg 245.5 ±
3.6cd 












292.6 ± 8.5ef 257.4 ±
13.5de 
213.1 ± 4.9b  
Furan compounds             








397.6 ± 96.2g – 113.2 ±
5.3bc 
224.5 ± 32.9f 360.7 ±
31.8g  
Lactones             






429.8 ± 90.9f – 124.6 ±
2.4ab 
271.8 ± 9.6e 377.9 ±
15.4f 
(continued on next page) 
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yield was observed for furfural, namely 27 (μg/L)/g, and similar 
extraction yield was observed for 5-methylfurfural, accounting for 11.2 
(μg/L)/g. Focusing oak-lactones, Bautista-Ortín and collaborators re-
ported maximum concentration of 300 μg/L of cis-oak lactone and 130 
μg/L of trans-oak lactone, accounting for extractions yields of 115 
(μg/L)/g and 50 (μg/L)/g, respectively. In the present work, concen-
trations of cis- and trans-oak lactone were 360 μg/L and 144 μg/L, ac-
counting for lower extraction yields of 30 (μg/L)/g and 12 (μg/L)/g, 
respectively, attained with previously used wood. Bautista-Ortín and 
collaborators also reported maximum vanillin concentration of 443 μg/L 
corresponding to a yield of 170 (μg/L)/g, whereas in the present work a 
similar concentration of vanillin of 480 μg/L was attained with used 
wood, but corresponding to a lower yield of 40 (μg/L)/g. Lastly, Bau-
tista-Ortín and collaborators reported concentrations of 4-ethylphenol 
and 4-ethylguaiacol of 900 μg/L and 60 μg/L respectively, which are 
often considered spoilage in wine, whereas in the presented work such 
compounds were absent. More recently, Dumitriu and collaborators also 
applied American wood chips for wine ageing, in stainless steel tanks, at 
3 g/L and 5 g/L, for a maximum of 3 months. For the 3 g/L wood chips 
concentration, The authors reported higher concentrations of furfural 
(900 μg/L) and 5-methylfurfural (about 400 μg/L), and similar con-
centrations of cis-oak lactone (400 μg/L) and trans-oak lactone (130 
μg/L) (Dumitriu et al., 2019). Lastly, focusing on grape marc spirits, 
Rodríguez-Solana and collaborators reported significantly higher con-
centrations of vanillin and oak lactone in different grape marks aged in 
American oak barrels (Rodriguez-Solana et al., 2017), using an opti-
mized process. 
On a global analysis, beer was the beverage in which the additive 
effect of used wood was more pronounced, regarding extraction of 
characteristic wood volatiles as well as transference of wine compounds 
previously adsorbed by wood. Moreover, beer presented the most 
satisfactory extraction yields when compared with those reported in the 
literature. Therefore, it was considered as the more advantageous matrix 
for the application of reused wood and chosen for the development of 
formulation and preference studies. 
3.2. Impact of used oak wood on the sensory profile of beer 
Several formulations using different binomial combinations of wood 
concentration and temperature were prepared and presented to a panel 
of trained tasters, resorting to the same wood previously put in contact 
with fortified wine. Samples were analyzed by GC-MS, in order to search 
for correlations between volatile composition and aroma preference. 
Characterization of volatile composition of the different beer samples is 
presented in Table 3 and the sensory evaluation of the correspondent 
samples is presented in Fig. 1. Again, the main adsorbed wine volatiles 
extracted to beer were ethyl lactate, diethyl succinate and diethyl ma-
late, which were originally absent from beer, along with characteristic 
wood extractives, vanillin, cis- and trans-oak lactone, syringaldehyde, 
sinapaldehyde, furfural and 2,6-dimethoxyphenol. Concentration of 
wood affected significantly the incorporation of volatile compounds in 
beer, either regarding adsorbed wine volatiles or characteristic wood 
extractives, due to the increasing extractable amount supplied by higher 
wood to beer ratios. Mathematical models established in previous work 
have demonstrated that temperature mainly increases extraction of 
characteristic wood compounds, having low to null impact on the 
extraction of adsorbed wine volatiles (Coelho, Teixeira, et al., 2019). In 
fact, very low variation was observed for ethyl lactate, diethyl succinate 
and diethyl malate comparing the different temperatures for the same 
wood concentration. On the other hand, noticeable variations were 
observed for the extraction of characteristic wood extractives, when 
comparing application of similar wood concentrations at different 
temperatures. Statistically significant differences were found when 
applying the same wood concentration at different temperatures for 
furfural, oak lactones, vanillin, syringaldehyde and sinapaldehyde, with 
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obtained are also in good agreement with the established in a previous 
work (Coelho, Teixeira, et al., 2019). Wood sorption was again 
observed, with decreases in beer volatile compound concentrations by 
application of oak wood. Esters, either acetates (isoamyl and 2-phenyl-
ethyl) or ethyl esters (hexanoate, octanoate and decanoate), acids 
(octanoic and decanoic) and linalool were found to adsorb in wood. 
Statistical significant differences were more prominent when comparing 
beer controls without wood with beer in contact with the highest con-
centration of wood (30 g/L). Ramirez-Ramirez and collaborators also 
reported wood sorption of linalool, ethyl octanoate and isoamyl acetate 
from synthetic wine matrices, again with increased sorption for higher 
wood concentrations, being the obtained results in good agreement with 
the previously reported (Ramirez-Ramirez et al., 2001). Regarding the 
effect of temperature, statistical significant differences were only 
observed for ethyl octanoate and decanoate concentrations at 50 ◦C 
when compared with the remaining temperatures, which was observed 
for beers with and without wood. Thus, temperature possibly affected 
compounds stability, rather than sorption by wood. On the other hand, 
decrease in octanoic and decanoic acid concentrations was more pro-
nounced for beer in contact with wood at 30 ◦C, suggesting an impact of 
temperature on their sorption. 
Focusing on the sensory analyses of beer formulations, several 
different features can be highlighted. Descriptors were grouped in vi-
sual, aroma and taste attributes, according to the evaluated sensory 
properties. For a better interpretation of the results, a multivariate PCA 
analysis was performed in order to distinguish sensory features of the 
tasted samples, presented in Fig. 2a, and in a more detailed analysis, 
correlation between aroma descriptors and volatile composition of 
samples is presented in Fig. 2b. Regarding visual descriptors, a yellow 
color was described for beers put in contact with wood at 30 ◦C and 
golden for samples put in contact with wood at 40 ◦C and 50 ◦C. Haze 
was noticeable in all the evaluated samples, which was slightly higher in 
beers put in contact with wood at higher temperatures of 40 ◦C and 50 
◦C. Despite small variations, overall visual quality was similar for all the 
tasted samples. 
Focusing aroma characteristics, fruity, solvent and floral were the 
descriptors with the higher overall ratings by the panelists for beer 
samples, as well as vanilla for the beers put in contact with wood. Higher 
fruity scores were attributed to beers without application of wood, 
especially for 40 ◦C and 50 ◦C, as visible in the scatterplot presented in 
Fig. 2a. The lower fruity scores of beers put in contact with wood can be 
correlated with adsorption of several esters, such as isoamyl acetate 
(perception threshold, PT, of 30 μg/L (Christoph & Bauer-Christoph, 
2007)), ethyl octanoate (PT of 260 μg/L (Christoph & 
Bauer-Christoph, 2007)) and ethyl decanoate (PT of 50 μg/L (Christoph 
& Bauer-Christoph, 2007)) as previously discussed. In fact, Fig. 2b 
demonstrates correlation of these esters with perception of fruity aroma 
by tasters, which were more prominent in control beers and less in beers 
put in contact with wood. Additional esters were extracted from wood, 
namely ethyl lactate (PT of 100 mg/L (Christoph & Bauer-Christoph, 
2007)), diethyl succinate (PT of 100 mg/L (Christoph & 
Bauer-Christoph, 2007)) and diethyl malate, but their concentrations 
were low considering the perception threshold for each compound. 
Similarly to fruity aromas, scores of floral descriptors were also lower 
in beers put in contact with wood. Several compounds associated with 
floral descriptors, namely 2-phenylethyl acetate (PT of 250 μg/L 
(Christoph & Bauer-Christoph, 2007)), 2-phenylethanol (PT of 10 mg/L 
(Christoph & Bauer-Christoph, 2007)) and linalool (PT of 0.14 μg/L 
(Christoph & Bauer-Christoph, 2007)), were found in beer samples. In 
fact, linalool and 2-phenylethyl acetate concentrations decreased 
significantly with application of wood, again due to wood sorption, 
leading to a lower perception of floral aroma. Several descriptors 
commonly associated with aged wood products were also found. Va-
nilla, coconut and smoky descriptors were correlated with beers put in 
contact with wood, and more prominent in the contacts performed at 
higher temperatures of 40 ◦C and 50 ◦C. This is coherent with the higher 
extraction of characteristic wood volatiles such as vanillin, cis- and 
trans-oak lactone, 2,6-dimethoxyphenol, syringaldehyde, sinapaldehyde 
and furfural, often associated with barrel ageing descriptors. The 
contribution of temperature is furthermore highlighted by the percep-
tion of different binomial formulations by the panelists. Formulations 
using lower wood concentrations and higher temperatures had similar 
perception of wood descriptors of formulations using higher wood 
amounts and lower contact temperatures. Considering that extraction of 
adsorbed wine volatiles migrating to beer through wood is not affected 
by temperature, the use of different wood concentration/temperature 
sses
Fig. 1. Sensory evaluation of the different beer for-
mulations regarding a) visual descriptors, b) aroma 
descriptors, c) taste descriptors and d) overall quality. 
Samples are represented by different colors 
( BT30 BT40 BT50 C10T30 
C10T40 C10T50 C20T30 
C20T40 C20T50 C30T30 
C30T40 C30T50) identified by a CxTy key, 
where Cx refers to wood concentration at x g/L and Ty 
refers to contact temperature performed at y ◦C. 
Controls of beer incubated at the same temperatures 
without addition of wood were also performed, iden-
tified as BTy, where y refers to contact temperature in 
◦C.   
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binomials allows further fine tuning of the intended aromatic bouquet, 
as previously hypothesized (Coelho, Teixeira, et al., 2019). Despite the 
presence of volatile fatty acids, no faulty aromas were perceived by the 
trained panelists. Focusing on taste quality, beers were marked mainly 
by perception of bitterness and astringency. Astringency was overall 
higher in control beers and beers placed with wood at low to moderate 
temperatures of 30 ◦C and 40 ◦C, especially for sample C30T40. This was 
also observed for bitterness, with the exception of sample C30T50. 
Sweetness was higher for samples put at 30 ◦C but overall variation of 
sweetness perception was rather low. Also sour descriptors were more 
associated with beers placed at 30 ◦C but no significant trends could be 
observed. Perception of metallic taste was low for the overall beers, 
being higher only for C10T30 and C30T30 samples. Focusing on quality 
perception by the panelists, visual quality was similar for all the tasted 
samples, being only slightly lower for beers placed with wood at 30 ◦C. 
Higher aroma quality was attributed to beers with greater perception of 
wood descriptors, when compared with beer controls without wood. 
Moderate variations were also observed for taste quality, which was 
considered a little higher for beers placed with wood at temperatures of 
40 ◦C and 50 ◦C. Panelists attributed slightly higher global quality scores 
Fig. 2. Scatterplots obtained of the Principal Component Analysis demonstrating a) differentiation of the different beer formulations according to their sensory 
features and b) correlation between the perceived aroma descriptors and volatile composition of the different beer formulations. Numbers in the scatterplot refer to 
the volatile compounds presented in Table 3. 
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to control beers, probably considering them a more balanced or recog-
nizable product, with more pronounced fruity and floral aromas, taking 
into account what would be expected from the corresponding beer type. 
4. Conclusions 
Due to the reuse, wood transfers compounds from one beverage to 
another, along with a significant amount of wood extractives. The 
impact of wood reuse is strongly dependent on the beverages to be aged 
and their chemical composition. Transference of compounds from the 
previous beverage is perceived in the sensory characteristics of beer 
aged with reused wood. Wood also adsorbs compounds from the bev-
erages during contact, which further modifies the perceived sensory 
features. Different binomial combinations of wood concentration and 
contact temperature lead to differentiated volatile compositions and 
consequently different organoleptic characteristics. Higher wood con-
centrations and contact temperatures lead to a sensory profile more 
marked by vanilla and coconut descriptors, whereas lower wood con-
centrations lead to more dominant fruity and floral characteristics. 
Reuse of oak chips is a feasible alternative for additive and subtractive 
ageing of alcoholic beverages, to be incorporated in accelerated ageing 
processes. 
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